amide gel electrophoresis (SDS/PAGE) ( Fig. 2A, lane 3) . This apparent molecular mass is in agreement with the expected size of 369 amino acid residues (12) . Pure and active NodZ protein was obtained from NodZ protein aggregates produced by E. coli (pMP2452), as described in Materials and Methods. The results show that out of the protein bodies a single band of the expected apparent molecular mass was obtained as judged by SDS/PAGE and silver staining ( Fig. 2A, lanes 4 and 5) . To show in vitro transfucosylating activity of the purified NodZ protein, purified native NodZ protein from the E. coli(pMP2452) inclusion bodies was incubated in the presence of GDP-P-L-[U-14C]fucose and chitin trisaccharide as candidate fucosyl acceptor substrate. A radioactive reaction product was formed and detected on TLC (Fig. 2B, lane 1) ; it migrates at the same position as the labeled reaction product obtained when soluble protein fractions isolated from induced E. coli(pMP2452) were assayed for NodZ activity (Fig. 2B, lane 2) . These reaction products run at positions different from the reference chitin oligosaccharides (Fig. 2B, lane  3) . These results suggest that these reaction products contain an additional fucosyl group and, since only one reaction product is formed, this suggests that only one fucosyl moiety is substituted per substrate molecule. Similar results were obtained when the construct pMP2459 was used instead of pMP2452, showing that the 42 N-terminal amino acids of the longest open reading frame are not necessary for activity of the protein (data not shown).
Substrate Specificity of NodZ Protein. GDP-a-fucose and GDP-,B-mannose were tested as donors for the fucosyltransferase activity to chitin pentasaccharide. No conversion of the chitin pentasaccharide was detected when these compounds were tested as fucosyl donors and HPLC was used for detection of fucosylated derivatives (legend to Fig. 4) . These results indicate that the NodZ enzyme is highly specific for GDP-,B-fucose as the donor substrate. To analyze the specificity of NodZ protein for the acceptor substrates, enzymatic reactions in the presence of GDP-13-L-[U-_4C]fucose and various oligosaccharides were carried out. Chitin oligosaccharides, Nacetylglucosamine, LCOs, and oligosaccharides that contain at least one N-acetylglucosamine at the reducing terminus, such as the leukocyte antigen Lewis-X or the M3N2 glycan core of N-linked glycoproteins, were tested.
When purified NodZ protein and GDP-f-L-[U-14CJfucose were incubated with N-acetylglucosamine (GlcNAc) or chitin fragments (di-, tri-, tetra-, penta-, and hexameric forms of N-acetylglucosamine), radioactive reaction products were detected on TLC (Fig. 3A, lanes 3-8) . These reaction products run at positions only slightly different from those of the nontreated reference compounds, suggesting that these reaction products contain an additional fucosyl group. In the case of GlcNAc two reaction products were detected. The TLC analysis indicates that the major reaction product migrates with free fucose, and that the minor reaction product is a fucosylated derivative of GlcNAc. The production of fucose is probably the result of a specific hydrolysis of GDP-fucose by the NodZ protein, indicating that GlcNAc is a very poor acceptor substrate. O-Acetylchitin pentasaccharide, produced by the use of the transacetylase NodL (20), was also tested as an acceptor substrate. This derivative contains an O-acetyl on C6 of the non-reducing-terminal GlcNAc residue. The results (not shown) demonstrate that 0-acetylated derivatives are also substrates for NodZ. For the assays of LCOs we made use of samples which were purified from R. leguminosarum biovar viciae. TLC analysis of LCOs which were tested in the NodZ enzymatic assay shows that they can be used as acceptor substrates (Fig. 3B, lanes 1 and 2) . We were interested in Quantitative Analysis of NodZ Protein Substrate Specificity. To obtain indications about the in vivo fucosyl-acceptor substrates for NodZ, a quantitative analysis of substrate specificity was performed. Initial reaction rates of transfucosylating activity were determined for various chitin oligosaccharides, LCOs, and for the core glycan moiety of N-linked glycoproteins (M3N2). Initial reaction rates for 0.1 mM and 0.4 mM substrates were determined ( Table 1 ). The results show that (i) the reaction rates for chitin oligosaccharides are much higher than those for LCOs or M3N2, and (ii) the most efficient substrates are the penta-and hexasaccharide forms of chitin. 
Competition experiments in which several possible substrates were mixed in equimolar concentrations and treated with
NodZ confirmed that LCOs are much less efficient substrates than chitin oligosaccharides (data not shown). Lewis-X appears to be a very poor substrate, and kinetic studies could therefore be performed only at concentrations higher than 2.4 mM, a concentration at which a reaction velocity of 1.4 x 10-12 mol/min was determined. Further kinetic studies were performed using the chitin pentasaccharide. The initial reaction rates for this substrate were determined in triplicate at various concentrations and the resulting reaction rates were analyzed using a Lineweaver-Burk plot. Using nonlinear regression, we determined a Km value of 0.12 ? 0.02 mM.
Complete Chemical Analysis of in Vitro Reaction Products.
The products obtained following incubation of NodZ protein with the GDP-f-L-fucose donor and the chitin trisaccharide, pentasaccharide, or M3N2 were separated on reversed-phase high-performance liquid chromatography (HPLC). Each chromatogram had one fast and one slow eluting peak as exemplified for the chitin pentasaccharide (Fig. 4A ). The fast eluting peaks have retention times identical to those of the unmodified oligosaccharide standards. The slow eluting peak for the M3N2 compound has a retention time identical to that of the commercially available M3N2F standard. The HPLC peak fractions were studied using positive ion mode FAB MS. The results of the analyses of the fast eluting peaks show that these correspond to unmodified oligosaccharide substrates (data not shown). The slow eluting fraction obtained from the chitin pentasaccharide incubation (Fig. 4A) ..,...  ....................i...  -1: ....._' I:.-,-..  ...,.,,,,..I.  %...  .................,  ..:-.:  "-",-'-.,..,........-..  ............  1...... . :1.....-"  '' .. .. ' ..  ... -:..  ..........  ............  .......  ............:'' ,.... .,,. .:
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The structure of the compound in the fast eluting peak of the M3N2 incubation was determined mass spectrometrically following permethylation to improve sensitivity and fragmentation characteristics. The mass spectrum obtained was identical to that of permethylated standard M3N2Fuc (data not shown) and contained an [M + H]+ pseudomolecular ion at m/z 1323, corresponding to the fully methylated species, and, importantly, at m/z 872 an intense B-type fragment ion corresponding to Man3GlcNAc+, which demonstrates that the site of attachment of the deoxyhexose residue is the reducingterminal GlcNAc residue (Fig. 4C) .
DISCUSSION
As the result of many recent studies of LCOs we are now able to understand the general pathway leading to the biosynthesis of these signal molecules. One of the aims of the present study was to analyze the fucosylation step in the biosynthesis of LCOs in more detail. Our study demonstrates that the product of the gene nodZ is a fucosyltransferase able to produce a derivative of a chitin oligosaccharide that is fucosylated on C6 of the reducing-terminal GlcNAc moiety. A comparison of the enzymatic activity with various other possible substrates shows that, although chitin oligosaccharides are the preferred substrates for NodZ, other oligosaccharides that contain an unsubstituted GlcNAc residue at the reducing terminus can also act as substrates. One of the best alternatives to chitin oligosaccharides is the M3N2 glycan, the structure of which is common to the core of all N-linked glycans. A fucosyl group can be found on C6 of the reducing-terminal GlcNAc in N-linked glycoprotein glycans, and an enzymatic activity similar to that of NodZ has been reported to be present in eukaryotic organisms (14, 21, 22) . The identification of the corresponding gene might be assisted by the results presented in this paper. It would be of interest to compare directly the substrate specificity of NodZ with that of its eukaryotic counterpart. We have also tested the activity of NodZ with the substrate Lewis-X, one of the ligands for the leukocyte-binding E-selectin (15, 16) . Using NodZ, we were able to obtain a fucosylated derivative of Lewis-X which has not yet been described. This new derivative (or an analogous fucosylated derivative of sialyl Lewis-X) could be useful for further analysis of the specificity of binding to the E-selectin protein.
Comparison of the in vitro selectivity of the NodZ enzyme for various substrates indicates that in Rhizobium NodZ is active before the acylation step of chitin oligosaccharides. This is in contrast to the results obtained with the transsulfation enzyme NodH, which is active after the acylation step, and which produces an LCO modified at the C6 position of the reducing-terminal GlcNAc (23). Knowledge of the various steps in LCO biosynthesis has already proven to be vital to the understanding of the processes of signal recognition in the rhizobial-host plant interaction (e.g., see refs. 8 and 24). In addition, this knowledge can now be used to obtain various derivatives of LCOs (e.g., radiolabeled derivatives) which will be of importance in the biochemical study of putative plant LCO receptors. Recent studies indicate that LCOs or chitin oligosaccharides might also play a role in developmental processes other than root nodulation. For instance, the results of Semino et al. (25, 26) indicate that chitin oligosaccharides are also produced during the embryogenic development of vertebrates, such as zebrafish. The role of the DG42 gene product, a homologue of chitin synthases, in the production of these chitin oligosaccharides has recently been disputed in refs. 27 and 28. We are currently involved in studies of the occurrence of LCOs or chitin oligosaccharides in eukaryotes, including plants and vertebrates. For these studies, the availability of enzymes that can be used to radiolabel such molecules plays an indispensable role. Preliminary results indicate that NodZ is ultimately suited for such studies, since control experiments show that, using radiolabeled GDP-13-fucose, we are able to specifically detect chitin oligosaccharides at quantities as low as 1 pmol (data not shown).
